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Phospholipid hydroperoxide glutathione peroxidase (GPx4) is a moonlighting selenoprotein, which has

been implicated in basic cell functions such as anti-oxidative defense, apoptosis, and gene expression
regulation. GPx4-null mice die in utero at midgestation, and developmental retardation of the brain appears
to play a major role. We investigated post-transcriptional mechanisms of GPx4 expression regulation and
found that the guanine-rich sequence-binding factor 1 (Grsfl) up-regulates GPx4 expression. Grsfl binds

to a defined target sequence in the 5'-untranslated region (UTR) of the mitochondrial GPx4 (m-GPx4)
mRNA, up-regulates UTR-dependent reporter gene expression, recruits m-GPx4 mRNA to translationally
active polysome fractions, and coimmunoprecipitates with GPx4 mRNA. During embryonic brain
development, Grsfl and m-GPx4 are coexpressed, and functional knockdown (siRNA) of Grsfl prevents
embryonic GPx4 expression. When compared with mock controls, Grsfl knockdown embryos showed
significant signs of developmental retardations that are paralleled by apoptotic alterations (TUNEL staining)
and massive lipid peroxidation (isoprostane formation). Overexpression of m-GPx4 prevented the apoptotic
alterations in Grsfl-deficient embryos and rescued them from developmental retardation. These data
indicate that Grsfl up-regulates translation of GPx4 mRNA and implicate the two proteins in embryonic

brain development.
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Embryonic brain development is characterized by pro-
grammed cell death (PCD), which is essential for tissue
homeostasis and morphogenesis (for review, see Yeo and
Gautier 2004). PCD is precisely controlled in a temporal
and spatial manner by a complex network of factors. Phos-
pholipid hydroperoxide glutathione peroxidase (phGPx/
GPx4) has been recognized as a regulatory component of
the apoptotic machinery, and the anti-apoptotic charac-
ter has been related to its peroxidase activity (Imai and
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Nakagawa 2003). GPx4 is a multifunctional selenopro-
tein, which has been classified as glutathione peroxidase
(GPx) because of its enzymatic activity and its structural
relatedness to other GPx isoforms (Brigelius-Flohe 1999).
It is capable of reducing hydroperoxides at the expense of
glutathione or other reducing equivalents (Ursini and
Bindoli 1987). In contrast to other GPx isoforms, GPx4
reduces complex lipid hydroperoxides even if they are
incorporated in biomembranes or lipoproteins (Thomas
et al. 1990). In addition to its anti-oxidative activity,
GPx4 has been implicated as a structural protein in
sperm maturation (Ursini et al. 1999; Roveri et al. 2002)
and as a regulator of eicosanoid biosynthesis (Schnurr et
al. 1996) and of cell signaling pathways (Brigelius-Flohe
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et al. 2000). GPx4-null mice die in utero at midgestation
(Imai et al. 2003; Yant et al. 2003), and intrauterine le-
thality may be related to extensive PCD leading to ab-
normal embryonic hindbrain development (Borchert et
al. 2006). The role of GPx4 in the central nervous system
is not restricted to cerebral embryogenesis. In adult
brain, the enzyme is expressed in neurons of cerebral cor-
tex, hippocampus, and cerebellum (Savaskan et al. 2007),
protecting them from oxidative injury (Ran et al. 2006).
Interestingly, following brain injury, GPx4 is strongly
induced in reactive astrocytes rescuing the cells from
apoptosis, preventing further cell damage (Savaskan et
al. 2007).

Transcriptional regulation of GPx4 is as complex as its
functional multiplicity. Three functionally distinct iso-
zymes [mitochondrial (m-GPx4), cytosolic (c-GPx4), and
nuclear (n-GPx4) isoforms] originate from a single GPx4
gene. The start codons for m-GPx4 and ¢-GPx4 as well as
the targeting sequence that directs m-GPx4 into the mi-
tochondria are localized in the first exon. Expression of
the 34-kDa nuclear isoform (n-GPx4) involves transcrip-
tion of an alternative first exon (exon 1B) that encodes for
a nuclear targeting sequence (Pfeifer et al. 2001). The
cytosolic isoform is ubiquitously expressed at moderate
levels in most mammalian cells. Mitochondrial and
nuclear isoforms are found in large quantities in sperma-
toid cells (Tramer et al. 2002; Puglisi et al. 2003). Expres-
sion of ¢c-GPx4 and m-GPx4 involves activation of gen-
eral transcription factors, such as Spl and NF-Y (Ufer et
al. 2003), and binding of the activated cAMP-response
element modulator-tau to the 5’'-flanking region of exon
1B has also been implicated (Borchert et al. 2003; Tramer
et al. 2004).

Post-transcriptional mechanisms are a central process
of gene expression and range from co-transcriptional
processes such as 5’-capping to splicing, mRNA editing,
polyadenylation, nuclear export, translation, and subse-
quent mRNA degradation (for review, see Hieronymus
and Silver 2004). Most of these processes are conferred
by mRNA /protein (mRNP) complexes. Research on post-
transcriptional elements of GPx4 expression regulation
has been focused on co-translational incorporation of
selenocysteine. This catalytically essential amino acid
is encoded for by an opal codon, and premature trans-
lational termination is prevented by binding of regula-
tory proteins to the selenocysteine insertion sequence
(SECIS) localized in the 3'-untranslated region (UTR)
of the GPx4 mRNA (Copeland et al. 2000). To shed
light on translational mechanisms in expression regula-
tion of GPx4, we investigated the interaction of regula-
tory proteins with the 5'UTR of the GPx4 mRNA.
After identifying Grsfl as the GPx4 mRNA-binding
protein using the yeast three-hybrid system, we explored
its role in embryonic brain development and found that
knockdown of Grsfl induced similar developmental
retardations as GPx4 silencing. Since these altera-
tions were prevented by GPx4 overexpression, one can
conclude that Grsfl-dependent translational regula-
tion of GPx4 expression is essential for cerebral embryo-
genesis.

GPx4 expression in murine embryogenesis

Results

Identification of proteins binding to the 5'UTR
of m-GPx4 mRNA

To explore post-transcriptional elements of GPx4 expres-
sion regulation, we searched for proteins capable of binding
to the 5’UTR of the m-GPx4 mRNA using the yeast
three-hybrid system (see the Supplemental Material).
After several rounds of highly stringent positive and
negative selections, we identified a single positive yeast
clone. The high binding specificity was confirmed by
co-transformation experiments (Supplemental Fig. S1),
which indicated that activation of the lacZ reporter
gene (blue staining) was only observed when all hybrids
were correctly expressed, and a BLAST search of the se-
quence data obtained revealed 100% identity with the
C-terminal 361 amino acids (75% of the full-length
clone) of the guanine-rich sequence-binding factor 1
(Grsfl, NM_178700). The N-terminal 27 amino acids of
the coding sequence were derived from an alternative
splicing variant of Grsfl designated K6-Grsfl. Grsfl has
recently been described as cytoplasmic RNA-binding
protein involved in translation regulation of influenza
proteins in virus-infected cells (Park et al. 1999).

Grsf1 binds to a 27-nucleotide (nt) motif in the 5'UTR
of m-GPx4 mRNA

To characterize the binding region, we performed RNA
mobility gel shift assays (Fig. 1). K6-Grsfl was first ex-
pressed in Escherichia coli as a GST fusion protein and
purified to homogeneity. Then two labeled RNA probes
(entire 5'UTR of m-GPx4 mRNA named 5'UTR [144 nt]
and the 3'-region of the 5’UTR named 5'UTR-A [50 nt])
(Fig. 1 A) were incubated with recombinant K6-Grsfl1,
and the protein/RNA complexes were analyzed (Fig.
1B,C). When the labeled 5'UTR probe was incubated
with GST/K6-Grsfl fusion protein, high-molecular-
weight shift signals appeared (Fig. 1B,C, lanes 2,5,7), and
similar signals were observed for recombinant Grsfl (no
GST fusion) (see Supplemental Fig. S2). No shift signals
were detected with pure GST or BSA (Fig. 1B, lanes 3,4)
and with labeled control RNA probes of 18S rRNA (Fig.
1B, lanes 8,9) and SEAP (secreted embryonic alkaline
phosphatase) mRNA (Fig. 1C, lane 2).

Similar shift patterns were observed when the shorter
probe 5'UTR-A was incubated with the recombinant
GST/K6-Grsfl fusion protein (Fig. 1C, lanes 3,7). When
K6-Grsfl was omitted or free GST was used, no shift
complexes were detected (Fig. 1D). Performing competi-
tive gel shift assays, we found that the specific probe (Fig.
1C, lane 4) but not control SEAP mRNA (Fig. 1C, lane 5)
or 18S rRNA (data not shown) competed for binding.
Taken together, the results shown in Figure 1 indicate
that the two mRNA probes (5'UTR and 5'UTR-A) exhib-
ited a similar binding behavior, suggesting that the K6-
Grsfl-binding sequence may be located in the 3'-region
of the 5’UTR.
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Figure 1. Grsfl specifically binds to the
5'UTR of the m-GPX4 mRNA. Protein bind-
ing to the 5'UTR of m-GPx4 mRNA was stud-
ied by RNA mobility gel shift assays. For

this purpose, two labeled RNA probes repre-
senting different parts of the 5'UTR of
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ondary structure of influenza NP 5'UTR (Park
et al. 1999) and m-GPx4 5'UTR.

To further narrow down the essential binding se-
quence, we constructed truncated RNA probes repre-
senting various parts of the 5'UTR of the m-GPx4
mRNA (Supplemental Fig. S3). From these results, we
concluded that the Grsfl-binding sequence is repre-
sented by a 27-nt motif located close to the translational
initiation site of m-GPx4. This sequence contains the
A(G),A motif and exhibits a high degree of structural
similarity with the Grsfl-binding sequence identified for
the influenza NP 5'UTR (Park et al. 1999). In addition,
the calculated secondary structures of the two mRNA
sequences were also very similar, revealing a 15-nt hair-
pin closely preceding the A(G),A motif (Fig. 1E). Cross-
binding studies indicated that a labeled probe containing
the influenza NP 5'UTR also forms a shift complex with
Grsfl (Fig. 1C, lane 1), but a molar excess of unlabeled
NP 5'UTR RNA did not alter the intensity of the Grsfl/
5'UTR-A (m-GPx4) shift signal (Fig. 1C, lane 6). In con-
trast, the Grsf1/5'UTR (NP) shift complex was competed
off by a molar excess of both, the unlabeled influenza NP
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5'UTR probe and the unlabeled m-GPx4 5'UTR-A probe
(Fig. 1C, lanes 8-10). These data suggested a higher bind-
ing affinity of Grsfl to the m-GPx4 5'UTR than to the
influenza NP 5'UTR. To test this conclusion experimen-
tally, we quantified the binding affinity of Grsfl to the
m-GPx4 5'UTR by RNA shift assays using variable non-
saturating amounts of Grsfl. Then the intensities of the
shift signals (ratio of free vs. bound RNA) were quanti-
fied by densitometry (Fig. 1D) and plotted against Grsfl
concentration. This algorithm revealed a linear correla-
tion and the intercept with the X-axis indicated a K-
value of 40 nM. Similar experiments performed with the
influenza NP 5'UTR revealed only low-affinity binding
with an apparent K, of 1.4 pM (data not shown).

Grsf1 up-regulated expression of luciferase reporter
genes driven by the m-GPx4 mRNA 5'UTR

To explore the functional impact of Grsfl binding to
m-GPx4 mRNA, we performed luciferase-based reporter



gene studies. For this purpose, transfection plasmids (Fig.
2A) were created consisting of the luciferase coding se-
quence driven by the SV40 promoter (pGL-3 promoter
vector). In addition, we cloned in either the wild-type
5'UTR of m-GPx4 mRNA or a mutated version of this
sequence lacking the G-rich consensus Grsfl-binding
motif [A(G),A] (Kash et al. 2002; Schaub et al. 2007).
These constructs were then co-transfected into mouse
embryonic fibroblasts (MEF cells) with increasing con-
centrations of a Grsfl expression plasmid. To exclude
transcriptional effects due to different promoter doses,
the total plasmid concentration was kept constant by
adding appropriate amounts of empty expression vector.
Figure 2B shows that Grsfl up-regulated (~2.6-fold) ex-
pression of m-GPx4-5'UTR-driven luciferase constructs
depending on the amount of co-transfected Grsfl expres-
sion vector. In contrast, no increase in luciferase activity
was observed when the Grsfl-binding motif was deleted.
To exclude methodological artifacts on RNA turnover,
we also quantified the steady-state levels of the reporter
gene mRNA (qQRT-PCR). In these experiments, the ab-
sence of contaminating plasmid DNA was ensured by
extensive DNase treatment. Here we found that lucifer-
ase mRNA levels were not significantly altered (1.2-fold
increase) in the presence of Grsfl. Taken together, these
results suggested that Grsfl binding to the m-GPx4 mRNA
is capable of activating m-GPx4 expression.

In vivo binding of Grsf1 to m-GPx4 mRNA

To test whether Grsfl also binds the m-GPx4 messenger
under in vivo conditions, we performed RNA immuno-

Figure 2. Grsfl expression up-regulates expression of UTR-
dependent reporter gene constructs and interacts with m-GPx4
mRNA in vivo. UTR-dependent reporter gene assays were car-
ried out as described in the Supplemental Material. (A) For co-
transfection of embryonic fibroblasts with Grsfl, two different
luciferase-based reporter gene constructs containing the 5'UTR
of m-GPx4 were designed. One construct contained the consen-
sus Grsfl-binding sequence (wild-type m-GPx4 5'UTR), and the
other lacked this motif (m-GPx4 5UTR AGGGGA deletion).
Increasing concentrations of Grsfl expression plasmid were co-
transfected with the reporter gene constructs. To adjust a con-
stant quantity of pGL3-promoter, all samples were supple-
mented with empty vector (the proportion of Grsfl construct
was 0%, 25%, 50%, and 100%, respectively, as indicated by the
bar graphics above the diagram). After co-transfection, cells
were kept in culture for 6 h and luciferase activity was mea-
sured in the lysates. (B) The relative luciferase activities (num-
bers at the bottom of each column) were calculated. The activi-
ties measured were corrected for transfection efficiency (Re-
nilla luciferase activity) and normalized to equal amounts of
pGL3-promoter. (C) RNA immunoprecipitation in murine N2a
cells was carried out as described in the Supplemental Material.
RNA recovered from “Input” samples was set at 100%. Data
are given as means of three independent experiments +SD
(Student’s t-test). (D) RNA immunoprecipitations in N2a cells
transfected with a Grsfl/Flag expression plasmid or an empty
Flag vector were carried out as described in the Supplemental
Material. RNA recovered from “Input” samples was set at
100%. Data are given as means of three independent experi-
ments +SD.

GPx4 expression in murine embryogenesis

precipitation. For this purpose, cytosolic extracts of mu-
rine neuroblastoma N2a cells, which express both Grsfl
and m-GPx4, were prepared and protein/RNA complexes
were cross-linked. Using a specific anti-Grsfl antibody
for immunoprecipitation, m-GPx4 mRNA was pulled
down (Fig. 2C). Much lower amounts of m-GPx4 mRNA
were precipitated when an unrelated antibody (anti-
mouse Ig) was used or when the antibody was omitted. In
contrast, GAPDH mRNA, which was used as negative
control, was not significantly immunoprecipitated. To
further support our finding of in vivo Grsfl/m-GPx4
mRNA interaction, we transfected N2a cells with an ex-
pression plasmid encoding a Flag/Grsfl fusion protein.
Using an anti-Flag antibody, we also immunoprecipi-
tated significant amounts of m-GPx4 mRNA (Fig. 2D). In
contrast, when cells were transfected with the empty
Flag expression vector, neither m-GPx4 mRNA nor
GAPDH mRNA was significantly pulled down. These
results indicated in vivo interaction of Grsfl with m-GPx4
mRNA.
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Grsf1 recruits m-GPx4 mRNA to translationally active
polysomal fractions

Transient Grsfl overexpression in MEFs resulted in a
moderate (threefold) increase in Grsfl expression (data
not shown). To test whether m-GPx4 ex-pression is con-
trolled on translational level, we performed polysome
fractionation studies on sucrose gradients (Fig. 3A-C).
Overexpression of Grsfl did not significantly alter ribo-
somal profiles of the cells, nor did it change total m-
GPx4 mRNA levels (16 +3 molecules m-GPx4/1000
GAPDH in mock-transfected cells vs. 15 + 3 molecules
m-GPx4/1000 GAPDH in Grsfl-transfected cells). When
we quantified the m-GPx4 mRNA content in different
polysome fractions, we detected the highest amounts in
fractions 6 and 7, which correspond to small polysomes
(Fig. 3D). In contrast, in mock-transfected cells, the high-
est amounts were found in monosomes and translation-
ally inactive fractions 8, 9, and 10. This difference is
even more visible when the m-GPx4 mRNA content in

the pooled polysomal fractions was compared with that
of nonpolysomes (Fig. 3F). In Grsfl-transfected cells, sig-
nificantly more m-GPx4 copies were recovered from
polysomal fractions than from nonpolysomes. In mock-
transfected controls, this ratio was the other way around.
Translocation of m-GPx4 mRNA into active polysomes
following Grsfl transfection strongly suggests transla-
tional activation of m-GPx4 mRNA by Grsfl. To exclude
unspecific effects and methodological artifacts, similar
analyses were carried out with B-actin mRNA (Fig. 3E) as
well as with 28S and 18S rRNA (data not shown). Here
we did not observe significant differences between
Grsfl-transfected and mock-transfected cells. To ex-
clude the possibility that m-GPx4 mRNA is recruited to
nonribosomal mRNP complexes, polysome fraction-
ations were carried out in the presence of 25 mM EDTA.
EDTA induces dissociation of polysomes (Fig. 3C) and
thus releases m-GPx4 and B-actin mRNA into nonpoly-
somal fractions (Fig. 3D,E), indicating specificity of the
elution profile.
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Grsfl and m-GPx4 exhibit a similar tissue specific
distribution pattern and are coexpressed
during murine embryogenesis

To investigate whether Grsfl binding to the 5’UTR of m-
GPx4 mRNA is of biological relevance, we first explored
the tissue-specific expression patterns of the two mRNA
species. It has been reported before (Puglisi et al. 2003) that
m-GPx4 is expressed at a high level in murine testis.
Using our qPCR approach, we quantified 2949 + 521 cop-
ies of m-GPx4 mRNA per 10 copies GAPDH mRNA in
testis. In addition, we observed relatively high transcript
concentrations in lung (49 =31 copies per 10® copies
GAPDH). In other tissues (kidney, brain, muscle, colon,
liver, heart, and stomach), an average m-GPx4 expres-
sion of about 16 + 6 copies of m-GPx4 mRNA per 10°
GAPDH was found. For Grsfl mRNA a similar tissue
distribution was observed. High-level expression was
found in testis (126 + 10 copies per 10® copies GAPDH)
followed by lung (52 + 28 copies per 10° copies GAPDH).
In the other tissues, only low steady-state concentrations
of Grsfl mRNA (average of 16 + 15 copies per 10® copies
GAPDH) were measured. This similar distribution pattern
suggested a functional relation between the two proteins.
Recent studies on the role of GPx4 isoforms in murine
embryogenesis indicated unique expression kinetics dur-
ing embryo development (Borchert et al. 2006). If Grsfl is
involved in GPx4 expression regulation, similar expres-
sion kinetics for the two proteins during the time course
of embryogenesis were expected. When we quantified the
two mRNA species during embryo development, we ob-
served parallel expression profiles but m-GPx4 expres-
sion peaks at later developmental stages (Fig. 4A). Be-
cause of their possible role in embryonic brain develop-
ment, we next profiled expression of Grsfl and m-GPx4
mRNA during the time course of perinatal brain matu-
ration (Fig. 4B). Here again we observed parallel expres-
sion profiles of the two mRNA species, although the
level of m-GPx4 mRNA exceeds that of Grsfl mRNA by
about 10-fold. For embryonic lung development, we also
observed similar expression kinetics (Fig. 4C). Immedi-
ately after birth, the mRNA levels for the two proteins
suddenly dropped down to undetectable levels and re-
mained low during early postnatal development.

Grsf1 knockdown inhibits m-GPx4 expression
in embryonic brain

If Grsfl is involved as a regulator in m-GPx4 expression,
two consequences of Grsfl silencing may be predicted:
(1) Grsfl knockdown should impair expression of m-GPx4.
(2) Silencing of Grsfl expression should induce similar de-
velopmental alterations as m-GPx4 knockdown. To test
these hypotheses, we first explored the impact of Grsfl
siRNA constructs on m-GPx4 expression during in vitro
embryogenesis. To test the suitability of our knockdown
probes, we first made sure that siRNA treatment of liv-
ing embryos in culture strongly reduced Grsfl expres-
sion as indicated by in situ hybridization (Fig. 5, panel I,
A-E) and RT-PCR (data not shown). When early (embry-
onic day 8.0, E8.0) siRNA-treated embryos were stained

GPx4 expression in murine embryogenesis
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Figure 4. Grsfl and m-GPx4 are coexpressed during murine
embryogenesis. Murine embryos were prepared from pregnant
mice at different developmental stages E6.5-E18.5 and postna-
tal stages NO-N4, and total RNA was extracted. Steady-state
concentrations of Grsfl and m-GPx4 mRNA were quantified by
qRT-PCR using GAPDH as an internal standard. To explore
expression of the two genes during brain and lung development,
these organs were prepared at different developmental stages
and the two mRNA species were quantified in total RNA ex-
tracts. The numbers indicate the days of gestation. E6.5 means
6.5 d post-conception. NO indicates the day of birth, and N1
means 24 h after birth.

for m-GPx4 mRNA (Fig. 5, panel II, F,G), its expression
was not significantly altered in the headfold region, in
the rostal to caudal neural tube, and in the tailbud. How-
ever, at later developmental stages starting with the
early somite stage, impairment of m-GPx4 mRNA expres-
sion was observed. At E9.5 and E10, m-GPx4 signals in the
neuroepithelium of developing forebrain, midbrain, and
hindbrain were reduced (Fig. 5, panel II, H,I), and similar
alterations were detected in posterior neuroepithelium
of the developing hindbrain, particularly in rhombomers
5 and 6 (Fig. 5, panel II, J,K).

Knockdown of Grsf1 expression induced cerebral
developmental retardations

Grsfl has been implicated in the Wnt/B-catenin signal-
ing pathway, which is important for embryogenesis
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Figure 5. Targeted knockdown of Grsfl
impairs expression of m-GPx4 during mu-
rine embryogenesis and induces develop-
mental retardation. Mouse embryos were
prepared at gestational day E8, treated with
control siRNA duplex (labeled as Control)
or Grsfl-specific siRNA constructs (labeled
as siRNA), and then cultured in vitro for
up to 72 h. After different time points of
the culturing period, the embryos were
used for in situ hybridization using Grsfl-
and m-GPx4-specific antisense probes.
Dark areas indicate regions with intense
hybridization signals. The different panels
represent different stages of embryonic de-
velopment at the end of the in vitro cul-
turing period. Each panel consists of a left
image (control embryo) and a right image
(siRNA-treated embryo). Bar, 300 um (E8-
E8.5); 800 pm (E9.5-E10). (hf) Headfold;
(tb) tailbud; (fb) forebrain; (mb) midbrain;
(hb) hindbrain; (r) rhombomere. (Panel I)
Grsfl in situ hybridization. siRNA treat-
ment induced abnormal mid/hindbrain de-
velopment (red arrows indicate retarded
mid/hindbrain boundary), posterior trun-
cation (red dotted areas indicate shorted
and twisted tail bud), and general growth
retardation (white arrows indicate shorted
crl). (Panel II) m-GPx4 in situ hybridiza-
tion. siRNA treatment impaired m-GPx4
mRNA expression from E9.5 and induced
retarded hindbrain segments at r5/6 levels.

(Lickert et al. 2005). To explore whether knockdown of
Grsfl has an impact on embryonic brain development,
we evaluated in vitro development of siRNA-treated em-
bryos and corresponding controls in whole-embryo cul-
tures. The morphological changes induced by siRNA
treatment were judged by morphometric assessment of
key parameters characterizing normal embryogenesis
(see the Supplemental Material). Brain development was
assessed according to a standard scoring procedure (Maele-
Fabry et al. 1990). Applying these algorithms, the following
conclusions could be drawn: (1) Silencing of Grsfl ex-
pression induced significant growth retardations (see
Supplemental Table S2) as well as impairment of mid-
brain and hindbrain development. In contrast, forebrain
maturation was hardly impacted (Fig. 6, panel I, a—c). (2)
At early stages of in vitro embryogenesis, these changes
were rather subtle (Fig. 5A-C,F,G), and this may be re-
lated to the low abundance of Grsfl expression at these
developmental stages. However, at E9.5 and E10 (Fig.
5D,E,H,I), we observed severe truncation of the posterior
axis and abnormal mid/hindbrain structures. (3) Short-
ening of the tailbud region started at E8.5, when the mid/

1844 GENES & DEVELOPMENT

~ siRNA

hindbrain region still looked morphologically normal
(Fig. 5B,C). Truncation of the posterior axis was well vis-
ible at E9.5 (Fig. 5D,H), although more subtle alterations
were already observed at earlier stages. These morpho-
logical differences were mainly restricted to those areas
of the embryos in which Grsfl and m-GPx4 expression
was detected (posterior epiblast and mid/hindbrain).

Developmental changes induced by Grsfl knockdown
are prevented by m-GPx4 overexpression

If Grsfl mediates its developmental effects via up-regu-
lation of m-GPx4, recombinant overexpression of the en-
zyme should rescue Grsfl-siRNA-treated embryos from
developmental retardations. To test this hypothesis, we
overexpressed m-GPx4 during embryonic development
by injecting an m-GPx4 overexpression plasmid into the
yolk sac of the developing embryos and monitored m-
GPx4 expression on messenger and protein level by in
situ hybridization and immunohistochemistry, respec-
tively. Overexpression of m-GPx4 in transfected embryos
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Figure 6. m-GPx4 overexpression rescues de-
. velopmental abnormalities induced by Grsfl
knockdown. Grsfl siRNA-treated embryos
(E7.5) were transfected with a mammalian
overexpression vector containing or lacking
(control) the m-GPx4 coding sequence and
then cultured in vitro for 48 h. Then the em-
bryos were recovered and analyzed. (Panel I)
Quantification of developmental characteris-
tics according to the scoring procedure de-
scribed in the Supplemental Material. (Panel
II) In situ hybridization of cotransfected em-
bryos using a m-GPx4 specific probe. Each
panel consists of a left image (control embryo)
and a right image (siRNA treated embryo).
(Panel ITI) The embryos were sectioned for im-
munohistochemistry analysis using a specific
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was confirmed by in situ hybridization and RT-PCR (data
not shown), and we observed this regardless of whether the
embryos were treated with the Grsfl siRNA or not (Fig. 6,
panel II). To show overexpression of the m-GPx4 protein,
we performed immunohistochemical staining of the em-
bryos using a GPx4-specific antibody (Fig. 6, panel III).
Here again we also observed strong staining of the embryos
transfected with the m-GPx4 overexpression plasmid re-
gardless of whether or not they haven been cotransfected
with the Grsfl knockdown construct (Fig. 6, panel IIT). This
finding is not surprising since the overexpression plasmid
contains only the m-GPx4 coding sequence and 3'UTR but
lacks the m-GPx4 5'UTR. The m-GPx4-transfected em-
bryos did not show signs of abnormal growth characteris-
tics or structural alterations (data not shown). Most inter-
estingly, however, was our finding that embryos that were
co-transfected with the m-GPx4 overexpression plasmids
and the Grsfl knockdown construct did not show signs of
developmental retardations in the midbrain and hindbrain
(Fig. 6, panel I). These data indicate that m-GPx4 overex-
pression rescued the embryos from developmental retarda-
tions induced by Grsfl knockdown.

Grsf1 knockdown induced lipid peroxidation,
and apoptosis is prevented by m-GPx4 overexpression

Next we attempted to explore the mechanistic basis of
developmental retardation induced by Grsfl knockdown.
Since m-GPx4 exhibits anti-oxidative and anti-apoptotic
properties, we hypothesized that Grsfl-deficient embryos
might show signs of increase lipid peroxidation and ap-
optosis. To test this assumption, we quantified the iso-

error bars represent the standard deviation.
n=6;(*) P<0.00l.

m-GPx4 vector

prostane (general marker of lipid peroxidation [Wang et
al. 2007]) content of embryos and found that treatment
with Grsfl knockdown constructs induced lipid peroxi-
dation (Fig. 7A, left columns). Similar effects were ob-
tained when the embryos were co-transfected with an
overexpression plasmid lacking the m-GPx4 sequence
(Fig. 7A, middle columns). However, when the embryos
were co-transfected with Grsfl knockdown and m-GPx4
overexpression constructs, no significant increase in iso-
prostane levels was observed. Similar results were ob-
tained when we quantified the degree of apoptosis using
the TUNEL assay (Fig. 7B). Treatment of the embryos
with the Grsfl knockdown construct induced strong ap-
optosis as indicated by black staining. In contrast, after
co-transfection with the m-GPx4 overexpression plas-
mid, apoptosis was strongly reduced.

Discussion

GPx4 is a moonlighting selenoprotein, which has been
implicated in anti-oxidative defense (Ursini and Bindoli
1987), sperm development (Ursini et al. 1999), apopto-
sis (Imai and Nakagawa 2003), and murine embryogen-
esis (Imai et al. 2003; Yant et al. 2003). Several mecha-
nisms of transcriptional regulation (Borchert et al. 2003;
Maiorino et al. 2003) have been suggested for various
GPx4-isoforms, but cell activation studies (Kuhn and
Borchert 2002; Tramer et al. 2002; Sneddon et al. 2003)
and nonsense-mediated decay experiments (Sun et al.
2001; Muller et al. 2003) suggested additional post-tran-
scriptional elements. Besides GPx4, other enzymes in-
volved in eicosanoid metabolism such as 15-lipoxygen-
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Figure 7. m-GPx4 overexpression reduces
cerebral lipid peroxidation and apoptosis in-
duced by Grsfl knockdown. Grsfl siRNA-
treated embryos (E7.5) were transfected with
a mammalian overexpression vector contain-
ing or lacking (control) the m-GPx4 coding
sequence. After a culturing period of 48 h, the
embryos were recovered and analyzed for
lipid peroxidation (isoprostane content, A)
and apoptosis (TUNEL assay, B). Shown are
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ase and cyclooxygenase-2 are known to be regulated by
post-transcriptional mechanisms, and these regulatory
processes depend on characteristic structural motifs
within the untranslated mRNA regions (Reimann et al.
2002; Hall-Pogar et al. 2007). Here we report that the
5'UTR of m-GPx4 mRNA contains cis-regulatory se-
quences and identified Grsfl as a trans-acting factor
modulating translation of m-GPx4 mRNA. Grsfl was
originally identified as an mRNA-interacting protein ca-
pable of binding to G-rich sequences (Qian and Wilusz
1994). Using the yeast three-hybrid system, we identified
a Grsf1 isoform (K6-Grsfl) as an m-GPx4 mRNA-binding
protein. K6-Grsfl contains three RNA-recognition mo-
tives (RRM-domain) that are essential for RNA binding
(Kash et al. 2002). Sequence alignments indicated that
the RRM-domain is one of the most abundant protein
domains in eukaryotes (Maris et al. 2005), and RRM-
containing proteins have been implicated in numerous
post-transcriptional events, such as pre-mRNA process-
ing, splicing, mRNA stability, mRNA export, and trans-
lation regulation (Birney et al. 1993). The human ortho-
log of Grsfl has been implicated in translational activa-
tion of influenza virus nucleocapsid protein (NP) in
infected cells (Park et al. 1999; Kash et al. 2002). Here we
found that 5'UTRs of influenza NP and m-GPx4 com-
pete for binding at murine Grsfl, but the m-GPx4 5'UTR
binds with much higher affinity. Our results indicate
that Grsfl binds to m-GPx4 mRNA reconstituted in in
vitro systems as well as in in vivo conditions. Moreover,
our data suggest that Grsfl up-regulates m-GPx4 expres-
sion at the translational level by binding to its A(G),A
recognition sequence in the 5'UTR and recruiting m-
GPx4 mRNA to the polysomal fractions and thereby
translational activation. This A(G),A motif and the suc-
cessive stem/loop structure are conserved in the GPx4
gene of human and rat, whereas in pig and cow, the
A(G),A motif is conserved but is lacking the successive
stem/loop structure, suggesting conserved regulatory
mechanisms for m-GPx4 expression in mammals. The
related D(G);D consensus motif has recently been de-
scribed as a recognition sequence for members of the
hnRNP H (heterogeneous nuclear ribonucleoprotein H)
family including Grsfl, and this has been implicated in
the formation of spliceosomes (Schaub et al. 2007). Our
yeast three-hybrid screen did not reveal binding of other
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hnRNP H family members, likely to be due to the highly
stringent screening parameters used throughout that
procedure. Putative Grsfl-binding motifs have been
identified in a broad range of target sequences involved
in development (Lickert et al. 2005), cell proliferation,
apoptosis, and inflammation (Kash et al. 2002). Perform-
ing an ungapped BLAST search for the A(G),A recogni-
tion motif in a nonredundant database of UTRs (Altschul
et al. 1997), we found 12 murine cDNAs containing this
Grsfl-binding motif in their UTRs (see Supplemental
Table S3) including Krox20 and targets involved in sper-
matogenesis. In contrast, no Grsfl-binding motif is pres-
ent in the 5'UTR of any other member of the GPx
family.

To test the biological role of the Grsfl/GPx4-mRNA
interaction, we used a multiple approach: (1) We assayed
the tissue distribution of Grsfl and compared the expres-
sion pattern with that of m-GPx4. Here we found that
both proteins are preferentially expressed in the male
reproductive system and in the lung. Since GPx4 has
been implicated in spermatogenesis, a similar involve-
ment might be predicted for Grsfl. Interestingly, the
Grsfl messenger was recently identified as substrate for
mDAZL, an RNA-binding protein implicated in germ
cell generation (Jiao et al. 2002). (2) We profiled the ex-
pression of Grsfl and m-GPx4 during murine embryo-
genesis and observed coexpression. Moreover, we found
parallel expression of m-GPx4 and Grsfl during peri-
natal organogenesis of brain and lung, suggesting a func-
tional relation between them. (3) Finally, we silenced
Grsfl expression during in vitro embryogenesis and ob-
served subsequent knockdown of m-GPx4 expression
and a strong induction of apoptosis. The phenotype of
Grsfl knockdown embryos resembled that of m-GPx4
silencing, suggesting that m-GPx4 constitutes a down-
stream target of Grsfl. The knockdown phenotype can
be overcome by m-GPx4 overexpression, indicating that
Grsfl knockdown effects are dominantly due to impaired
m-GPx4 expression rather than other potential Grsfl target
mRNAs.

Grsfl is an important mediator in Wnt/B-catenin sig-
naling, which is essential for embryogenesis (Lickert et
al. 2005). Here, we confirmed this finding by showing
that midbrain and hindbrain development is particularly
sensitive against silencing of Grsfl expression. RNA-



binding proteins are potent modulators of post-transcrip-
tional processes throughout embryogenesis (Webster et
al. 1997; Niessing et al. 2002; Nakamura et al. 2004), and
their expression during brain development follows dis-
tinct kinetic and spatial patterns (McKee et al. 2005).
RNA-binding proteins, such as ELAV/Hu or Noval, have
been implicated in brain development and function (Per-
rone-Bizzozero and Bolognani 2002), but little is known
on the molecular mechanisms of their cellular activities.
Our results indicate that specific silencing of an mRNA-
binding protein induces retardation of brain develop-
ment. Previous studies suggested that m-GPx4 exhibits
anti-apoptotic properties (Imai and Nakagawa 2003;
Schnabel et al. 2006), and silencing of m-GPx4 expres-
sion during embryogenesis induces cerebral apoptosis
(Borchert et al. 2006). Here, Grsfl knockdown also in-
duced apoptosis, and this mechanism may contribute to
the observed developmental retardations.

An unsolved problem, which may be addressed in fol-
low-up studies, is the question about the role of Grsfl in
the male reproductive system. The high Grsfl expres-
sion in testis and the unusual tissue distribution suggest
a role in sperm development. Preliminary immunohis-
tochemical staining and expression profiles of the two
proteins during sperm development (data not shown)
suggested coexpression of Grsfl and m-GPx4. These data
are consistent with the finding that Grsf1 is involved in
regulation of m-GPx4 translation. However, for a regu-
latory protein, the expression level in testis is surpris-
ingly high (126 + 10 copies of Grsfl mRNA per 10° cop-
ies GAPDH mRNA), which opens the possibility that
the Grsfl protein may exhibit an additional undefined
function in the male reproductive system. A similar
moonlighting activity has been suggested for GPx4
(Ursini et al. 1999).

Taken together, using a yeast three-hybrid approach
under highly stringent experimental conditions, we
isolated a single positive yeast clone that expressed
Grsfl. In vitro recombinant Grsfl binds to an A(G),A
motif in the 5’UTR of the m-GPx4 mRNA, and in vivo
interaction was indicated by RNA immunoprecipita-
tion. Induction of Grsfl up-regulates 5'UTR-dependent
expression of reporter gene constructs and recruits m-
GPx4 mRNA to the translationally active polysomal
fraction as shown by polysomal gradient analysis. More-
over, Grsfl knockdown during embryogenesis impaired
m-GPx4 expression and induced similar retardations
in cerebral development accompanied by strong induc-
tion of apoptosis as shown by TUNEL assay as direct
silencing of m-GPx4 (Borchert et al. 2006). On the other
hand, m-GPx4 overexpression relieves apoptosis in the
developing neuroepithelium and rescues the Grsfl
knockdown phenotype, revealing the significance of
this specific protein/RNA interaction for normal embry-
onic brain development. Since the Grsfl-binding se-
quence also occurs in other mRNA species including
markers of brain development such as Krox20 (Supple-
mental Table S3), the mechanisms described here may
be of more general importance for developmental pro-
cesses.

GPx4 expression in murine embryogenesis

Materials and methods

Chemicals

The chemicals used were from the following sources: Super-
Script III reverse transcriptase and RNaseOUT from Invitrogen;
BD Advantage 2 Polymerase Mix from BD Biosciences (Pharm-
ingen); dNTPs from Carl Roth GmbH; QuantiTect SYBR Green
PCR Kit from Qiagen; and PCR primers from BIOTEZ. The
yeast strains YBZ-1 and R40coat as well as the plasmid pIITA/
MS2-1 were a generous gift from D. Bernstein (University Wis-
consin-Madison, Madison).

Yeast three-hybrid system

The yeast three-hybrid system constitutes a complex screening
method for detection of RNA-binding proteins (Bernstein et al.
2002). We used this method to screen a murine testis expression
library for proteins capable of binding to the 5'UTR of the m-
GPx4 mRNA. A detailed description of the assay system and the
experimental protocol is given in the Supplemental Material.

RNA extraction, reverse transcription, and in vitro
transcription

Total RNA was extracted using the RNeasy Mini Kit (QIAGEN),
and contaminating DNA was digested using Turbo DNase (Am-
bion). RNA was then reversely transcribed according to standard
protocols with oligo d(T)18 primers. RNA probes were gener-
ated using the T7 Megashortscript Kit (Ambion) in the presence
or absence of small amounts of Biotin-16-UTP (Kon3) or Digoxi-
genin-11-UTP (Roche). The template cDNA encoding for the
5'UTR of the m-GPx4 mRNA was generated by PCR using the
primer combination specified in Supplemental Table S1 fusing
the T7 promoter to the forward primer. In vitro transcription
products were purified using the MEGAclear kit from Ambion.

RNA mobility shift assays

For RNA/protein-binding studies, different amounts of protein
(400 ng if not stated otherwise) were incubated with 0.5-1 pmol
of biotin- or digoxigenin-labeled RNA probe for 20 min at 30°C
in binding buffer (10 mM HEPES-NaOH at pH 7.9, 2.5 mM KCl,
1.5 mM EDTA, 4% glycerol, 0.25 mM DTT, 7.5 ng/pL heparin,
25 ng/uL yeast tRNA) in a reaction volume of 15 puL. Afterward
the samples were analyzed by native 5% polyacrylamide gel
electrophoresis. Protein/RNA complexes were transferred to a
nylon membrane, and blots were visualized using Biotin or DIG
Luminescent Detection Kits (Roche).

UTR-dependent reporter gene assays and qRT-PCR

UTR-dependent reporter gene assays were carried out as de-
scribed before (Fahling et al. 2006) in MEFs (see the Supplemen-
tal Material) using a modified pGL3-promoter vector (Promega).
For our purpose, the vector-specific 5’UTR of luciferase mRNA
was replaced by the m-GPx-4 5'UTR. For the deletion experi-
ments, the AGGGGA motif was removed by PCR. qRT-PCR
was carried out as described before (Borchert et al. 2006) with a
Rotor Gene 3000 system (Corbett Research) using the Quanti-
Tect SYBR Green PCR Kit from Qiagen. A detailed description
of the translation assay and of the qPCR protocol including the
primers is given in Supplemental Table S1.

RNA immunoprecipitation

In order to detect in vivo RNA/protein interactions, RNA im-
munoprecipitation was performed as described before (Gilbert
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et al. 2004) with some modifications, and a detailed outline of
the experimental procedures is given in the Supplemental Ma-
terial. N2a cells were transfected with pCMV-3Tag-1 (Invitro-
gen) containing the Grsfl coding sequence or without insert
(mock-treatment) using Lipofectamine 2000 (Invitrogen) ac-
cording to the vendor’s instructions.

Polysomal gradient assay

MEFs were transfected with Grsfl expression vector or empty
vector using the RotiFect (Carl Roth GmbH) transfection re-
agent. After 24 h, cells were incubated with cycloheximide (100
pg/mL) for 10 min prior to lysis with buffer containing 20 mM
Tris (pH 7.4), 150 mM KCI, 30 mM MgCl,, 100 pg/mL cyclo-
heximide, 1 mM DTT, 1x proteinase inhibitor cocktail (Roche
Diagnostics GmbH), 100 U/mL RNase inhibitor (Fermentas
GmbH), and 0.5% Nonidet P-40. After 10 min on ice, cytosolic
extracts were obtained after centrifugation at 10,000g for 10
min. The cytoplasmic supernatant was then layered onto 11 mL
of a linear 17%-51% sucrose gradient (0.5 to 1.5 M sucrose, 20
mM Tris at pH 7.4, 150 mM KCl, 5 mM MgCl,, ] mM DTT) and
centrifuged for 2 h at 36,000 rpm using a Beckman SW-41 rotor.
Following centrifugation, the gradient solution was pumped out
from the bottom with a peristaltic pump, and the ribosomal
profile was continuously determined at an absorbance of 254
nm using a 2138 UVICORD-S UV monitor (LKB Bromma). Each
sucrose gradient was fractionated into 12 fractions. RNA was
isolated using the E.Z.N.A. RNA total kit according to the
manufacturer’s protocol.

Recombinant expression and purification of Grsf1

Recombinant Grsfl was expressed in E. coli as GST fusion pro-
tein. It was purified from the bacterial lysate supernatant by
affinity chromatography on a glutathione agarose column (see
the Supplemental Material for details). GST-tagged recombi-
nant proteins were eluted from the column using a step gradient
of reduced glutathione and used for electrophoretic mobility
shift assays without further purification.

Preparation and in vitro culture of murine embryos

All animal experiments were performed in strict adherence to
the guidelines for experimentation with laboratory animals set
in institutions. Inbred ICR pregnant mice were obtained from
the animal house, and embryos in different developmental stages
(E6.5 to postnatal day 5, N5) were prepared under a stereo-micro-
scope (Olympus). For qRT-PCR, preparations were kept in PBS
(0.1% DECP) for separation of extraembryonic tissues. At later
developmental stages, embryonic brain and lung (from E10.5 to
N4) were separately dissected. Different embryonic tissues from
the same litter were pooled, and at least three dams were col-
lected independently. Tissue samples were kept in RNAlater
solution (Qiagen) at 4°C overnight and stored at —-80°C prior to
RNA extraction. For in vitro culture, the embryos were dis-
sected in PB1 medium (5% FBS) and then placed in a whole
embryo culture roller incubator (BTC Engineering). The em-
bryos at early gastrulation stage (E7.5) were allowed to develop
for up to 72 h in 100% heat-inactivated rat serum with a con-
tinuous flow of gas mixtures (Wang et al. 2007).

siRNA experiments and in situ hybridization

Grsfl-specific siRNA probes were designed using the Stealth
RNAIi program (BLOCK-iT RNAi Designer; Invitrogen), and the
following sequences were selected: Grsf antisense probe, 5'-UA
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UUUCAUACACUUCCACAUACCGC-3’ and Grsfl1 sense probe,
5'-GCGGUAUGUGGAAGUGUAUGAAAUA-3'. Control siRNA
duplex with no homology with any vertebrate transcriptome
was used as the control siRNA group (Stealth RNAi Negative
Controls; Invitrogen). Murine embryos were removed from
pregnant mice at E7.5 of pregnancy and transfected with siRNA
constructs. For transfection, the annealed double-stranded siRNA
(50-100 nM) was mixed with 0.01% Lipofectamine 2000 (Invit-
rogen) and then microinjected with an ASTP micromanipulator
(Leica) into the amniotic cavity of the gastrulating embryos at
E7.5. After microinjection, the embryos were placed in a whole
embryo culture roller incubator as indicated above. For whole-
mount in situ hybridization (Borchert et al. 2006), siRNA-
treated and control siRNA-treated embryos were fixed in 4%
p-formaldehyde (in PBS), dehydrated in graded methanol, and
stored at -20°C. Suitable riboprobes (sense and antisense
probes) were prepared by PCR, cloned, and transcribed using T7
RNA polymerase. Primer sequences are specified in Supplemen-
tal Table S1. To label the RNA probes, digoxigenin-11-UTP
(Roche) was incorporated using the AmpliScribe T7 kit (Epicen-
tre Technologies).

m-GPx4 overexpression and functional analyses

Grsfl siRNA-treated embryos were transfected with pcDNA3.1
m-GPx4 overexpression vector before cultivation at the E7.5
stage. Extracted plasmid vector in 50 ng/pL concentrations was
injected into the yolk sac of the embryos. Untreated controls
(sham operated) and negative controls by microinjecting vector
plasmid without m-GPx4 sequence were included in the in vitro
embryo culture. The developing embryos were removed at the
E9.5 stage for morphological examination. m-GPx4 overexpres-
sion was confirmed by qRT-PCR and whole mount in situ hy-
bridization as described above. Protein expression was then
assessed by immunohistochemistry analysis. Immunohisto-
chemical staining of m-GPx4 was performed using a monoclo-
nal anti-human m-GPx4 antibody raised against the pure re-
combinant Sec46Cys-mutant and cross-reactive with murine
m-GPx4 (Borchert et al. 2006). After in situ hybridization, em-
bryos were fixed in 4% p-formaldehyde, washed at 4°C in PBS,
dehydrated, embedded in paraffin wax, and cut into 5-um sec-
tions. Apoptotic cells were stained by standard TUNEL tech-
nique. Tissue sections were incubated with TdT enzyme and
conjugated with anti-digoxigenin peroxidase (Chemicon) for
color development. Oxidative stress in embryos was quantified
by 8-isoprostane ELIZA methods as described (Chan et al. 2002).
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